Maintenance of tumor initiating cells of defined genetic composition by nucleostemin
Recent work has identified a subset of cells resident in tumors that exhibit properties similar to those found in normal stem cells. Such cells are highly tumorigenic and may be involved in resistance to treatment. However, the genes that regulate the tumor initiating cell (TIC) state are unknown. Here, we show that overexpression of either of the nucleolar GTP-binding proteins nucleostemin (NS) or GNL3L drives the fraction of genetically defined tumor cells that exhibit markers and tumorigenic properties of TICs. Specifically, cells that constitutively express elevated levels of NS or GNL3L exhibit increased TWIST expression, phosphorylation of STAT3, expression of genes that induce pluripotent stem cells, and enhanced radioresistance; in addition, they form tumors even when small numbers of cells are implanted and exhibit an increased propensity to metastasize. GNL3L/NS forms a complex with the telomerase catalytic subunit [human telomerase reverse transcriptase (hTERT)] and the SWItch-Sucrose NonFermentable (SWI-SNF) complex protein brahma-related gene 1 (BRG1), and the expression of each of these components is necessary to facilitate the cancer stem cell state. Together, these observations define a complex composed of TERT, BRG1, and NS/GNL3L that maintains the function of TICs.
B
oth embryonic and organ-specific stem cells are characterized by the ability to self-renew and to differentiate into specialized cell types. Recent work has identified a subset of cells in tumors that exhibit properties similar to those found in normal stem cells (1) (2) (3) . Such tumor initiating cells (TICs) or cancer stem cells are characterized by the capacity for unlimited selfrenewal and the ability to differentiate into multiple cell types. Moreover, such cells are highly tumorigenic (4), show resistance to chemotherapy and/or radiotherapy (5-7), and may contribute to metastasis (8) (9) (10) (11) .
TICs are defined operationally. Specifically, such cells exhibit the ability to form tumors when placed in limiting numbers in animal hosts (4, 12) . Although some cancer stem cells express particular cell surface receptors, the expression of such markers is not exclusive to TICs and no universal cancer stem cell markers have been identified. Indeed, recent evidence suggests that not all tumors may harbor such TICs (12, 13) . Given the potential role for such cells in tumor initiation, progression, and response to treatment, defining the molecular alterations that program cancer stem cells is essential not only to identify such cells but to understand their contribution to malignant transformation.
The nucleolar GTP-binding protein nucleostemin (NS) and its closely related family member GNL3L are expressed at high levels in ES cells (14, 15) , and NS has been proposed as a marker for TICs in highly aggressive brain tumors (16) . NS has been reported to regulate cell proliferation through a direct interaction with p53 (14) . Specifically, recent studies have shown that expression of NS and/or GNL3L delays the onset of cellular senescence by negatively regulating telomeric repeat-binding factor 1 (TRF1) stability (17) and that depletion of NS causes G1 arrest in a p53-dependent manner (18) . However, other studies suggest that NS may also contribute to stem cell function independent of p53, because blastocysts derived from NS null mice failed to enter S phase even in the absence of p53 (19) .
We hypothesized that NS may contribute directly to formation of cancer stem cells. Here, we show that the expression of NS/ GNL3L increases the fraction of tumorigenic human cells that exhibit TIC properties.
Results
NS and GNL3L Regulate TIC Behavior. To examine whether endogenous NS was essential for the behavior of established TICs, we evaluated the consequences of suppressing NS in well-characterized TIC lines derived from glioblastomas (GBMs; 0308, BT145, and BT112) (20) . To determine whether suppression of NS in these GBM TICs affected clonogenic neurosphere formation, a phenotype tightly correlated with tumorigenicity (21), cells were infected with either a control (short hairpin GFP) or three distinct NSspecific shRNAs [short hairpin NS (shNS) 1-3; Fig. 1 ]. We performed single-cell neurosphere formation assays and found that cells expressing the control shRNA formed neurospheres comparable to unmanipulated GBM TICs. In contrast, 0308 cells expressing NS-specific shRNAs displayed altered sphere-forming activity that corresponded to the degree of NS suppression. Specifically, cells expressing NS-specific shRNAs that produced the highest degree of NS suppression (shNS1 and shNS3) exhibited a significant decrease in average sphere size (P < 0.02; Fig. 1A , Upper Left). These cells also displayed decreased levels of neural stem cell markers CD133 and SOX2 (Fig. 1A , Lower Left). To eliminate the possibility that the observed effects were attributable to off-target effects of RNAi, we created a shRNA specific for the NS 3′UTR (shNS4) and showed that expression of this shRNA induced similar effects on the proliferation of MCF7 cells as the other NS-specific shRNAs and could be rescued by the expression of ectopic NS (Fig. S1 A-C) . Moreover, suppression of NS in two other TIC lines, BT145 and BT112 ( Fig. 1 B and C) , also resulted in a decrease in sphere size and expression of the neural stem cell marker CD133 proportional to the degree of NS suppression. Together, these observations indicate that suppression of NS in 0308, BT145, and BT112 cells decreases the ability of these cells to form clonogenic neurospheres, and likely their tumor initiating capacity.
Although tumorigenic, human cancer cell lines derived from tumors or engineered by the expression of specific genetic elements (22) contain only a small fraction of cells that exhibit TIC behavior (4, 10, 23) . To determine the effects of NS or GNL3L on the tumorigenicity of either engineered tumorigenic fibroblast [BJELR (full name: BJEHEcR-LT-Ras-ST)] and kidney epithelial (HA1ER) cells expressing the SV40 large and small T antigens, hTERT, and oncogenic H-RAS (22) or two established human cancer lines (HeLa or MCF7), we expressed NS or GNL3L at levels found in GBM-derived neurospheres and analyzed several phenotypes associated with TICs. We found that expression of either NS or GNL3L conferred the ability to form statistically larger and more numerous anchorage-independent colonies ( Fig. 2 A and B) and induced enhanced tumorigenicity (Fig. 2C) . Specifically, we observed tumor formation after the s.c. inoculation of a small number of cells overexpressing NS or GNL3L (≤500 cells), whereas cells expressing a control vector failed to form tumors. TICs have also been reported to exhibit relative resistance to ionizing radiation (5). When we irradiated BJ-hTERT, MCF7, or HeLa cells expressing a control vector, NS, or GNL3L, we found that cells expressing NS or GNL3L were more resistant to γ-irradiation (Fig. S2 ). These observations suggest that expression of NS or GNL3L alters the fraction of TICs present in both established and engineered cancer cell lines.
NS or GNL3L Expression Induces Markers and Pathways Associated
with TICs. Several markers have been described to be expressed by TICs. When we analyzed cells overexpressing NS or GNL3L, we found increased expression of CD44 and CD133, markers associated with TICs (4, 24) (Fig. 3 A-C) . Indeed, we found that the expression of NS or GNL3L in HeLa cells and BJ-hTERT cells induced a two-to fourfold increase in the percentage of cells expressing high levels of CD44 compared with cells expressing a control vector when we assessed either total CD44 levels ( Fig. 3A) or CD44 expression in individual cells ( Fig. 3 B and C). In addition, we confirmed that NS and GNL3L are significantly overexpressed in the subpopulation of several cancer cell lines previously shown (4, 23, 25) to be enriched in cells that express gene signatures related to TICs (CD44 high fraction of HeLa and CD44 high/CD24 low fraction of MDA-MB-157, MDA-MB-231, and MDA-MB-436 cells; Fig. S3 A and B) .
Cell surface markers are useful tools to identify cells that exhibit cancer stem cell activity but may not unequivocally mark this cell population. We also investigated whether NS expression alters pathways implicated in the maintenance of cancer stem cells. Specifically, we determined whether expression of NS or GNL3L affected WNT/β-catenin signaling and found that expression of NS or GNL3L correlated with increased nuclear localization of the active nonphosphorylated β-catenin (Fig. 3 D  and E) and induced statistically significant increased β-catenin activity as measured by reporter assay (26, 27) (Fig. 3F) . Expression of NS or GNL3L also induced higher steady-state levels of c-MYC, a direct β-catenin target gene (Fig. 3G) . The introduction of OCT3/4, SOX2, c-MYC, and KLF4 into normal human and murine cells suffices to reprogram such cells into ES cells (28, 29) . When we analyzed the expression of these genes in cells expressing either a control vector, NS, or GNL3L, we found that NS or GNL3L up-regulated c-MYC, OCT3/4, and KLF4 ( Fig. 3G and Fig. S4 ). These observations confirmed that the expression of NS or GNL3L induces the expression of genes associated with ES cells and cancer stem cells.
NS or GNL3L Expression Activates the Epithelial Mesenchymal Transition and Induces Metastasis. In addition to WNT/β-catenin signaling, several other pathways have been implicated in the maintenance of the cancer stem cell state. Specifically, recent evidence indicates that increased STAT3 signaling regulates the expression of the master regulator TWIST to induce epithelial mesenchymal transition (EMT) and metastasis (30) . In consonance with these observations, we found that BJ-hTERT, MCF7, and HeLa cells expressing NS or GNL3L exhibited increased expression of the tyrosine phosphorylated form of STAT3 (Tyr 705 ; Fig. 4A ) and higher levels of TWIST, SNAIL, and vimentin (Fig.  4B) . TGF-β signaling has been implicated in the regulation of both CD44 expression and TWIST (10) . To investigate whether TGF-β signaling was required for EMT in cells expressing NS or GNL3L, we treated HeLa cells expressing NS with two different TGF-β inhibitors (LY364947 and SD-208) and found that the expression of CD44 was decreased in HeLa cells expressing NS in a dose-dependent manner (Fig. 4E ). These observations suggest that the expression of NS or GNL3L induces an EMT.
In addition, we found that tumorigenic cells expressing either NS or GNL3L exhibited increased capacity for metastasis as measured by the number of foci formed in the lungs of mice after tail vein injection of control, NS-expressing, or GNL3L-expressing cells (Fig. 4 C and D) . Although this observed increase in the number of lung metastases in cells expressing NS may be attributable, in part, to the increased tumorigenicity of these cells, these observations show that NS-expressing cells exhibit several phenotypes associated with TICs (10, 11).
NS/GNL3L, BRG1, and TERT Form a Complex Necessary for TIC
Function. Because TERT has been implicated in the maintenance of stem cells by both telomere-dependent (31) and telomereindependent mechanisms (32-35) and had previously been reported to interact with GNL3L (36), we determined whether the interaction of NS/GNL3L with hTERT was involved in the induction of TICs. Specifically, we isolated hTERT immune complexes and found that endogenous NS interacts with endogenous hTERT in both HeLa and 293T cells (Fig. 5A) . To characterize the interaction of hTERT with NS or GNL3L, we used a series of TERT truncation mutants and found that the amino-terminal end of hTERT (1-531) was necessary for hTERT to interact with both NS and GNL3L (Fig. S5A) . We also found that the conserved consensus motifs G5 and G4 present in both NS and GNL3L (37) (38) (39) (40) were required for the interaction with hTERT (Figs. S5 B and C, and S6 ). These observations identify a specific conserved region in NS and GNL3L responsible for the interaction with hTERT.
As recently described (35), we confirmed that hTERT binds both overexpressed and endogenous BRG1 (Fig. 5 B and C) . To determine whether hTERT, BRG1, and NS/GNL3L are found in the same complex, we performed two types of sequential immunoprecipitation experiments. First, we isolated FLAG-NS or FLAG-GNL3L immune complexes and confirmed that hTERT-HA was present. We then eluted these complexes with the M2 (FLAG) peptide, isolated hTERT immune complexes, and confirmed that endogenous BRG1 was present in these complexes (Fig. 5 D and E) . Second, we isolated hTERT immune complexes and confirmed that BRG1 was present. We then eluted these complexes with the M2 (FLAG) peptide, isolated BRG1 immune complexes, and confirmed that endogenous NS was present (Fig.  5 F and G) . These observations suggest that hTERT, BRG1, and NS or GNL3L are present in the same complex.
To determine whether the interaction of hTERT with NS/ GNL3L required the telomere elongation activities of TERT, we suppressed the expression of the telomerase RNA subunit hTERC and found that hTERT continued to associate with NS, indicating that this interaction occurs independent of telomerase activity (Fig. S7A) . Moreover, overexpression or suppression of NS or GNL3L did not affect telomerase activity or telomere length as assessed by telomere repeat amplification protocol assays or telomere restriction fragment Southern blotting (Fig.  S7 B-D) . Together, these observations suggest that complexes containing hTERT, BRG1, and NS or GNL3L do not contribute directly to telomere maintenance but, instead, drive TIC formation by regulating the activity of BRG1.
To confirm that the complex composed of hTERT, BRG1, and NS/GNL3L was involved in regulating TIC phenotypes, we assessed whether each of these components was necessary for NS-induced increase in CD44 levels. When we suppressed hTERT expression using hTERT-specific siRNAs, we failed to observe an increase in CD44 expression after expressing NS or GNL3L (Fig. 6A) . Moreover, BRG1 suppression reversed the increase in CD44 expression induced by NS or GNL3L expression (Fig. 6B) . In contrast, when we suppressed hTERC expression using hTERC-specific shRNAs, we found that the expression of hTERC was not required for the increase in CD44 expression induced by NS or GNL3L overexpression (Fig. S7E) . Furthermore, when we suppressed hTERT or BRG1 expression, we failed to observe an increase in TWIST expression after expressing NS or GNL3L (Fig. 6 C and D) . Suppression of hTERT or BRG1 in cells expressing NS or GNL3L, which are markedly enriched in TICs, ablated the ability of HeLa cells expressing NS or GNL3L to form tumors (Fig. 6 E and F) . Together, these observations hTERT interacts with endogenous BRG1. hTERT immune complexes from 293T or HeLa cells were subjected to SDS/PAGE, followed by immunoblotting with an anti-BRG1 antibody. (C) BRG1 interacts with endogenous NS. BRG1 complexes from 293T cells were purified by immunoprecipitation with an anti-BRG1 antibody and subjected to SDS/PAGE, followed by immunoblotting with an anti-NS antibody. Schema (D) and results (E) of the sequential immunoprecipitation using cells expressing FLAG-tagged NS or GNL3L and hTERT-HA. NS or GNL3L immune complexes were isolated and then eluted with the FLAG M2 peptide. hTERT immune complexes were then purified, and endogenous BRG1 was detected by immunoblotting. Schema (F) and results (G) of the sequential immunoprecipitation using cells stably expressing TAP-hTERT. hTERT immune complexes were isolated and eluted with the FLAG M2 peptide. Endogenous BRG1 immune complexes were isolated, and endogenous NS was analyzed by immunoblotting.
indicate that the expression of hTERT, NS/GNL3L, and BRG1 is each required to induce a TIC phenotype.
Discussion
Here, we show that expression of NS or GNL3L in genetically engineered human cancer cells confers a TIC phenotype. Tumorigenic human cells of defined genetic constitution expressing NS or GNL3L exhibited the full range of phenotypes associated with cancer stem cells, including the expression of cell surface markers such as CD44 and CD133, genes that induce induced pluripotant stem (iPS) cells, the ability to form tumors when implanted at limiting numbers, activation of an EMT program, and increased metastatic potential. Because genetically engineered human cancer cells (BJELR and HA1ER) and even established human cancer lines (HeLa and MCF7) have both TIC and non-TIC populations (Fig. S3) , expressing NS or GNL3L enhances the TIC fraction.
NS was initially found to be expressed at high levels in highly proliferative multipotential cells (14, 19) as well as a subset of aggressive brain tumors (16) . We found that NS and GNL3L contribute directly to the maintenance of the TIC phenotype. Prior work demonstrated that NS physically interacts with p53 and that this interaction regulates cell proliferation (14) . However, it is clear that NS also contributes to stem cell function independent of p53 (19) . Although we have confirmed that depletion of NS is associated with cell cycle arrest accompanied by p53 upregulation (18), the tumorigenic cells in which we expressed NS or GNL3L lack p53 function, suggesting that NS contributes to the generation of TIC independent of its regulation of p53.
TERT was recently shown to interact with GNL3L in a manner that regulated telomere length (36) . We have confirmed that GNL3L and NS interact with TERT through a highly conserved region present in both of these nucleolar GTP binding proteins. However, in this setting, we failed to find evidence that the interaction of NS or GNL3L affected telomere length or telomerase activity. Instead, we found that NS or GNL3L forms a ternary complex with TERT and BRG1 in a manner that does not depend on hTERC. However, it remains possible that TERT-GNL3L complexes regulate telomere dynamics in other cells or conditions. These observations suggest that the NS/GNL3L-TERT-BRG1 complex operates in a telomere-independent manner to drive transcriptional programs essential to the maintenance of the TIC state. Thus, in addition to facilitating immortalization, hTERT may contribute to tumorigenicity through the NS/GNL3L-TERT-BRG1 complex by influencing the balance of cancer cells that exhibit TIC phenotypes.
Recent work indicates that TERT regulates stem cell homeostasis independent of its function at telomeres (32) and that TERT, together with BRG1, modulates stem cell homeostasis by modulating the WNT/β-catenin signaling pathway (35) . We confirmed that the NS/GNL3L-TERT-BRG1 complex is essential for the maintenance of TICs. Further work will be necessary to determine whether this complex regulates normal stem cells by a similar mechanism.
In prior work, we identified a limited number of introduced genes that sufficed to convert normal human cells into tumorigenic cells (22) . We and others have subsequently found specific combinations of genes mutating in spontaneously arising cancers that permitted the creation of tumorigenic human cells of a defined genetic composition (41) (42) (43) . These experimental models have proven useful to decipher the cooperation between mutated genes and the discovery of new cancer genes (44, 45) . However, like most established cancer cell lines, such cells formed tumors only after the implantation of a large number of cells, suggesting that additional perturbations were necessary to drive the formation of TICs. The observation that expression of NS or GNL3L in this setting leads to cells that exhibit all the phenotypes associated with cancer stem cells establishes an experimental model to define the pathways required to program the cancer stem cell state. Moreover, because the acquisition of stem cell characteristics correlates with treatment resistance and metastatic disease, these experimental models may provide the means to identify new targets to inhibit these phenotypes associated with lethal disease.
Materials and Methods
Cell Culture and Stable Expression of FLAG-NS/GNL3L and hTERT. The human cell lines 293T, MCF7, HeLa-S, HA1ER (22) , and HeLa were maintained in DMEM supplemented with 10% (vol/vol) heat-inactivated FBS. BJ fibroblasts and BJELR cells were cultured as described (22) . Amphotropic retroviruses were created as described (22) using the expression vector pWZL-neo, pBABE-Hygro, pWZL-neo-FLAG-NS, pWZL-neo-FLAG-GNL3L, or pBABEHygro-hTERT. After infection, cells were selected with neomycin (G418; 2 mg/mL) for 7 d or with hygromycin (50 mg/mL) for 3 d.
Stable Expression of shRNA. The pLKO.1-puro vector was used to express shRNAs targeting NS, GNL3L, hTERC, BRG1, and GFP. These vectors were used to make amphotropic lentiviruses, and polyclonal cell populations were purified by selection with puromycin (2 mg/mL). Fig. 6 . Complex of hTERT, BRG1, and NS/GNL3L is necessary for NS-induced TIC formation. (A) hTERT is required for NS/GNL3L-induced increase in CD44 expression. HeLa-NS cells or HeLa-GNL3L cells expressing either a control siRNA or two independent hTERT-specific siRNAs were immunoblotted for CD44. IB, immunoblot. (B) BRG1 is required for NS/GNL3L-induced increase in CD44 expression. CD44 expression was assessed by immunoblotting in HeLa-NS cells or HeLa-GNL3L cells stably expressing either a control vector or two independent BRG1-specific shRNAs. (C) hTERT is required for NS/GNL3L-induced increase in TWIST expression. HeLa-NS cells or HeLa-GNL3L cells expressing either a control siRNA or two independent hTERT-specific siRNAs were immunoblotted for TWIST. (D) BRG1 is required for NS/GNL3L-induced increase in TWIST expression. TWIST expression was assessed by immunoblotting in HeLa-NS cells or HeLa-GNL3L cells stably expressing either a control vector or two independent BRG1-specific shRNAs. (E) hTERT is required for tumor formation by HeLa cells. The number of tumors formed/number of injection sites in HeLa-NS cells or HeLa-GNL3L cells expressing either a control siRNA or two independent hTERT-specific siRNAs is shown. For E and F, 5 × 10 4 cells were injected per mouse. NC, negative control. (F) BRG1 is required for tumor formation by HeLa cells expressing NS or GNL3L. HeLa-NS cells or HeLa-GNL3L cells expressing either a control vector or two independent BRG1-specific shRNAs are shown.
